High operating temperatures (600-1000 o C) of solid oxide fuel cell (SOFC) systems have been a concern to many users as well as fuel cell developers. In portable applications, the challenges of how to heat the stack from ambient temperatures to operating temperatures and then maintain those temperatures need to be addressed. Moreover, illustrating the stability of the hot zone under various environmental temperatures has also become important for various applications. This paper reports relevant studies regarding the performance of a portable SOFC-based hot zone under different environmental temperatures. The results showed that decreasing the environmental temperatures could apparently decrease stack temperatures and CPOX temperatures, and slightly drop the hot zone power due to stack temperature variations. A model showing a good feasibility for analyzing heat losses in hot zones has been built. Based on modeling results, the heat loss from CPOX was more uniform than those from other parts of the hot zone under different operating conditions. More load current led to more heat loss from the stack and less from TGC under fixed fuel and air flow rates. The experimental work integrated with the energy analysis model can help to understand thermal balance and the effects of environmental temperatures on hot zone performance.
Introduction
Due to depleting energy resources and global warming, high efficiency and low emissions are becoming an intensive demand for power generation systems. Directly producing electricity from chemical energy, fuel cells have been viewed as efficient, quiet and environmentally benign energy conversion devices [1] [2] [3] [4] [5] [6] . Among the many types of fuel cells, solid oxide fuel cells (SOFCs) are based on ceramic electrolytes and can be fabricated with cost effective materials for catalysts, electrolytes, interconnects and other structural components. Most importantly, the use of a solid electrolyte in an SOFC eliminates the presence of liquids and the associated changes in the electrolyte compositions during operation, reducing most of the problems encountered in other fuel cell technologies. Due to all-solid components, SOFCs can be easily fabricated from thin films, and cell components can be configured into unique geometrical shapes unachievable in other types of fuel cells [7] [8] [9] [10] [11] . In addition, the fuel flexibility of the SOFC is a major advantage because of its ability to oxidize both H 2 , CO, and some small chain hydrocarbons, decreasing the costs corresponding to the production of pure hydrogen required by low temperature fuel cells.
Of the fuel choices available for portable and remote fuel cell power applications, propane is particularly attractive because it is widely available, as a gas at temperatures down to -42 o C at ambient pressure, it has a sufficiently high vapor pressure and can be easily supplied to a power-generation device at ambient temperature to obviate the need for a fuel pump or blower, and as a liquid phase under moderate pressure (ca.10 atm at 25. 8 o C), it can readily be stored with high energy density at 25.8 o C (46.4MJ/kg, 22.8MJ/l) which is considerably larger than for methanol (19. 9MJ/kg, 15.8MJ/l), a fuel used in proton-exchange membrane fuel cells (PEMFC) [12] [13] [14] [15] [16] [17] [18] . SOFCs are a logical choice for small-scale generators using propane as a fuel, since they can provide high power density and have good fuel flexibility. In addition, methanol is normally mixed with water for use in PEMFCs, further reducing the energy density. Thus, propane-fueled SOFC portable generators have pronounced advantages over direct methanol PEMFC generators.
However, the high operating temperatures (600-1000 o C) of SOFC systems have been a concern to many users and fuel cell developers. Moreover, to meet market requirements, it is becoming more important to illustrate the stability of SOFCs under realistic running conditions including impurities in the supplied gasses, such as sulfur compounds in the fuel or humidity in air, and environmental temperatures having effects on the stability of the hot zone. Three questions are addressed here for developing hot zones. Firstly, how to heat the stack from ambient temperatures to operating temperatures and then maintain those temperatures? Second, how to make the outside surface temperature of the hot zone low enough so that it will not burn or melt the surrounding electronic and balance of plant (BoP) parts, nor burn the users in the portable power applications? Thirdly, how will ambient temperatures influence the hot zone performance employing an SOFC stack? This paper reports our study on a propane-powered, thermally self-sustained SOFC hot zone in an attempt to understand the thermal balance and effects of environmental temperatures on hot zone performance
Experimental and Model Developments

Test Station
A test station (500 W) from TesSol was configured and employed for evaluating the fuel cell hot zone performance. The 500 W test stand was composed of a load bank, temperature control, fuel and air mass flow control, and six temperature monitoring channels as shown in Figure 1 .
Environmental Chamber
The environmental chamber was made by ESPEC. Figure 2 shows an outside view of the chamber. The main specifications of the environmental chamber are: temperature range -35 o C to 150 o C, temperature fluctuation ±0.3 o C (up to 100 o C), temperature gradient ±0.7 o C (up to 100 o C), and humidity range 10 to 100%.
For initial debugging after the installation, the temperatures were set from -35 o C to 150 o C and humidity was controlled when the temperatures were between 10 o C and 50 o C. The actual values of temperature and RH agreed well with the set points as seen in Fig. 3 .
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Evaluation of stack performance under various environmental temperatures was carried out using this chamber. 
Air
Air was supplied from wall valve, delivered from an air compressor. An air filter was employed for purifying the air used in the hot zone testing.
Hot Zone
The hot zone consisted of a stack, a catalyst reformer, after burner and thermal insulation. The stack was assembled from 18 micro-tubular SOFCs in a serial connection. A catalytic partial oxidation (CPOX) reformer was integrated into the hot zone to reform the propane fuel.
Tests
The following operating conditions were applied for evaluating the hot zone. Fuel flow: 0.43 SLPM C 3 H 8 and 3.45 SLPM CPOX air; cathode air flow: 16 SLPM. The hot zone was characterized in a hood, including start up, IV curve determination and overnight stability. After testing in the hood, the hot zone was tested for cold startup characteristics (-10 o C), IV performances and 100-hr life test with different environmental temperatures, decreasing from 50 o C to -20 o C. 
Model Development
Based on actual hot zone product, the hot zone modeling included reforming reactor, heat exchangers, SOFC stack and after burner (also tail gas combustor (TGC)), as shown in the flow chart plotted in Figure 4 for thermal modeling of the hot zone. The hypotheses for the model are: (1) steady-state condition; (2) zero dimension; (3) fuel processing: propane CPOX reaction and the CO-H 2 O shift reaction were controlled by ECS Transactions, 35 (1) 297-312 (2011) thermodynamic equilibrium. The main purpose of this modeling work was to determine how to balance the CPOX reactor, SOFC stack and after burner to reach an appointed temperature for each part. The consumed energy in the Balance-of-Plant (BoP) is not considered in the process of the calculation. Mass and energy balances are written for each component in the system. The model was integrated to generate a system of nonlinear equations to provide all the state point variables in the system. A summary of the fuel reforming processing, after burner and stack modeling is provided below. 
Processing of Fuel Reformer
Nickel-based anodes have been very efficient when using H 2 or CH 4 as the fuel. However, direct utilization of higher hydrocarbons (e.g. propane) as the fuel in SOFCs has caused severe carbon deposition and hence rapid deactivation of nickel catalysts in some cases [19, 20] . Hydrocarbon-fueled SOFC systems will therefore require a fuel processing system, such as steam reforming and partial oxidation [21] , converting hydrocarbons to a mixture of hydrogen and carbon monoxide prior to feeding to SOFC stacks. Steam reforming or catalytic partial oxidation (CPOX) is effective in avoiding carbon deposition. Due to simpler system design and lighter weight of the system, the CPOX utilized in the present hot zone was the most suitable for portable power applications. In this case, when a stream of propane is mixed with an air stream, the following reaction may take place:
Carbon monoxide, which is a by-product of the reforming reaction, is further oxidized to carbon dioxide if water exists after running the SOFC stack (Eq.
Eq. [1] takes place inside the CPOX reactor and Eq. [2] can occur in the anode duct of an SOFC due to the high operating temperature and the higher concentration of water steam in the anode. The steam is formed when hydrogen is electrochemically oxidized according to the following exothermic reaction:
Fig.5 shows gas mole fractions when the reforming reaction reaches the thermodynamic equilibrium at different temperatures. The effect of reforming reactor temperatures on species mole fractions at the anode inlet is calculated using AspenPlus TM software. From Fig.5 , it is known that the mole fraction of propane was less than 1‰ at the operating temperature of 520 o C, nearly fully converted, where the hydrogen fraction is max. 
Catalytic After Burner
In the study, the after burner is considered as the catalytic combustion type, being able to handle the very lean and varying feed gases without harmful emissions. The anode exhaust gas containing H 2 (about 15%) and CO (about 10%) is burned catalytically together with the gas from the cathode. The sensible heat in this flue gas stream is utilized to pre-heat air entering the cathode and to heat the hot zone to reach the appointed temperature during start-up.
SOFC Stack Model
A simple SOFC model was built in AspenPlus TM using available blocks and a DESIGN SPEC, as shown in Fig.6 . The electrochemically reacted oxygen is separated from the cathode, modeled by a SEPARATOR block [22] , and fed to the anode, modeled by an RGIBBS reactor model bringing the anode mixture into chemical equilibrium. Incoming air are brought to SOFC operating temperature with HEATX blocks, and then enters the cell cathode to provide oxygen for the electrochemical reaction. The temperature of air entering the cathode is equal to the after burner temperature, which can be measured in the experiments. The heat provided to the cathode air stream by the electrochemical reaction is considered by taking a heat stream. The heat is calculated by specifying that the temperature of the depleted air stream is equal to the temperature of the anode outlet (also the stack temperature). Inside the cells, the air stream is further heated by the heat from the electrochemical reactions. The CPOX reaction is simulated by a RGIBBS block. The heat losses of CPOX, stack and after burner are calculated via three DESIGN SPECs so as to accomplish the designed CPOX, stack and after burner temperatures. Figure 7 shows the performance of the hot zone using a C 3 H 8 fuel flow of 0.43 SLPM with CPOX air of 3.45 SLPM and cathode air flow of 16 SLPM. The Maximum power of the hot zone was 167.5W, exceeding the appointed value of 150 Watts. Figure 8 shows the startup characteristics of the hot zone in the hood. It took 50 minutes to reach the appointed temperature of 700 o C. In the startup stage, the max temperature of CPOX and after burner was 687 o C and 931 o C, respectively. After startup, a constant current of 11 Amps was drawn from the hot zone in order to evaluate the stability for one day. When reaching the stable status, temperatures of CPOX, stack and TGC were 643 o C, 743 o C and 638 o C, respectively. The degradation for one day was 3%, based on the powers recorded at 6 th h (149.4 Watts) and at 24 th h (144.8 Watts), as shown in Figure 9 .
Results and Discussion
After characterizing the start up, IV curve and overnight stability in the hood, the hot zone was moved to an environmental chamber for evaluating the effect of different environmental temperatures on the hot zone performance. First, it was soaked at a temp- Fig. 11 , it is observed that the CPOX, stack and TGC temperatures were all kept on -10 o C for more than 5 hours in order to ensure exposure to the environmental temperature of -10 o C for each part in this hot zone. The startup characteristics of the hot zone at -10 o C were: TGC temperature jumped to over 700 o C within 9 minutes; it took 13 minutes for CPOX temperature to reach 500 o C; and stack temperature rose gradually to 700 o C within 48 minutes. The max temperatures of CPOX and TGC were 686 o C and 913 o C, respectively. This hot zone can normally reach a stable status close to the operating temperature of 700 o C according to the designated procedure. After startup, a constant current of 9 Amps was drawn from the hot zone in order to evaluate the effect of different environmental temperatures on hot zone characteristics. The power could reach 125 W and could also be kept at this load level when running at the current of 9 Amps. This result illustrated that the hot zone can be utilized at cold startup. Comparing the startup time, maximum and stable temperatures of the hot zone between startup at room temperature and an environmental temperature of - as shown in Figure 11 . The TGC temperature at -10 o C was 690 o C which was 50 o C higher than that at room temperature. The cause for this was that more fuel was burned inside tail gas combustor for the stack current of 9 A at -10 o C than that of 11 A at room temperature. For the two startup tests, the flow rate of cathode air was different, 16 LPM for room temperature and 15 LPM for -10 o C. For testing at room temperature, TGC igniting was delayed for 10 minutes because the wire lead of igniter was lacking at the beginning stage. The startup time for room temperature was therefore delayed. Generally, the hot zone employing an SOFC stack as the core component can normally start up at -10 o C and have similar performance or similar startup time to those obtained at room temperature. After cold startup characteristics (-10 o C) was successfully tested, the hot zone continued to be evaluated for IV performances and 100-hr life test on different environmental temperatures, decreasing from 50 o C to -20 o C, and the results were given on the Figures 12, 13 Figure 12 , the maximum powers were 167 W, 161W and 153 W for test at room temperature, -10 o C run after 1 hour and chamber run after 100 hours, respectively. From IV curves, the degradation can be seen for each IV testing. Fig. 13 shows the hot zone performance, stack temperature, CPOX temperature, TGC temperature, environmental temperature, cathode air flow rate and fan voltage for the operation of 100 hours with stack temperature of about 740 o C and C 3 H 8 fuel flow of 0.43 SLPM with CPOX air of 3.45 SLPM. The stack current was kept at a value of 9 A for the 100-hr testing. The degradation rate of the hot zone was 4.7% during the 100-hour test, based on powers at 9A from IV curves at 1 st hr and at 100 th hr. The environmental Table 1 are the data in Figure 13 from the 10 th hour to the 40 th hour range. When reaching the 2 nd 20 o C, the chamber temperature was kept at 20 o C. The back of the chamber was frosted close to the freezer after running 70 hours; therefore, the chamber's door was opened for defrosting after 70 hours. It can be seen that the chamber temperature was kept at about 25 o C. After being entirely defrosted, the environmental temperature continued to be held at 20 o C from the 95 th hour to the 100 th hour. When the environmental temperature was decreased, it was clearly seen that both the stack temperatures and CPOX temperatures decreased accordingly. The hot zone power also dropped slightly mainly because of the stack temperature effect. During the 100-hour test, the stack load current was kept at 9 Amps and relevant efforts were made to keep the stack temperatures within 740±10 o C. In order to keep the stack temperature close to 740 o C during environmental testing, two parameters including cathode air flow rate and voltage of fan were adjusted. It was proven for the hot zone that using two parameters can keep the stack running at a very stable status at different environment temperatures. When decreasing environmental temperatures from 50 o C to 10 o C, the hot zone can reach a stable state via only adjusting cathode air flow rate from 15.6 LPM to 15 LPM and keeping constant fan voltage of 10 Volts. With lessening environmental temperatures from 10 o C to -20 o C, the hot zone also can reach a stable state via only adjusting fan voltage from 10 Volts to 7 Volts and keeping constant cathode air flow rate of 15 LPM. The results indicate that the hot zone can be maintained in a stable working temperature range by adjusting the two non-key factors (cathode air and cooling fan speed), without changing the fuel flow rate. This will simplify BoP control procedures for further optimizing system design. A steady state model of the hot zone has been developed using AspenPlus in order to study heat loss of each component at steady conditions and to evaluate what running conditions to apply to the hot zone to balance at the appointed temperature. Figure 14 shows the modeling results calculated by AspenPlus for the hot zone running in a hood. The current of the hot zone was set on 11 Amps and the output power reached 144 W, running in the hood. The power in this model was calculated via a heat stream 16. Besides producing power, the heat from the stack was utilized for two parts, one for heating cathode air to reach the working temperature of the SOFC stack via a heat stream 15 and the other for heating exhaust gas via a heat stream 27. The hot zone worked in the hood at the ambient temperature of 23 o C. The after burner and CPOX also need a heat stream for exchanging heat with exhaust gas, heat stream 29 for after burner and heat stream 24 for CPOX reactor. The heat loss of each component was calculated in terms of their running temperatures. For the model results shown in Fig.14 the stack and 97.9 W for TGC. The most heat was lost from TGC. Based on the average heat losses, the total loss from hot zone was 187.3 W and losses from TGC accounted for 52% of the total loss. Heat loss from stack reached 37% and the remaining 11% belonged to CPOX loss. Moreover, comparing heat losses from the stack under different load currents, it was found that the heat loss for the current of 11 A was apparently more than that for 9 A. For example, the loss corresponding to 11 A at 23 o C was 74.75 W, while it was 68.68 W for 9A at 20 o C. The increasing rate was close to 9% from 9 A to 11 A at the similar environmental temperature. For TGC, the contrary results can be found. The loss from TGC corresponding to 11 A at 23 o C was 93.13 W, while it was 101.11 W for 9A at 20 o C. The increasing rate of heat loss was also close to 9% from 11 A to 9 A. These results illustrated that more load current led to more heat loss from the stack and less loss from , 35 (1) 297-312 (2011 TGC due to the fact that more fuel was consumed in the stack. For CPOX, at different load current or environmental temperatures, the variation of heat loss was very small. The heat loss from CPOX was more uniform than it was from other parts under different operating conditions. The exhaust gas temperatures for different environmental tests were 39 o C to 31 o C higher than environmental temperature, as shown in Table 1 .
Experimental results have shown that the hot zone can be thermally balanced at defined conditions with an attempt to maintain the stack temperatures within desired design points (740±10 o C). The relevant model has shown a good feasibility for modeling this hot zone.
Summary
A portable solid oxide fuel cell based hot zone producing electric power of 150 W from propane for military applications was successfully demonstrated and evaluated under different environmental temperatures. The results showed that decreasing the environmental temperature could apparently decrease the stack temperatures and CPOX temperatures, and slightly dropped the hot zone power due to the stack temperature effect. Moreover, maintaining the hot zone in a desired temperature range via simple methods will simplify BoP control procedures for further optimizing system design. A model showing a good feasibility for this hot zone has been built for analyzing the heat losses of each component. The modeling results illustrated that the heat loss from CPOX was more uniform than those from other parts under different operating conditions. Moreover, with a fixed fuel flow rate, more load current led to more heat loss from the stack and less loss from TGC due to more fuel being consumed in stack. The experimental work integrated with the energy analysis model can help to understand the details of the thermal balance and the effects of environmental temperatures on thermally self-sustained hot zone characteristics employing a propane-powered SOFC as a core component, and offers guidance in the optimization of portable system design and hot zone operating conditions.
